The appendix presents an introduction to the mathematical modelling of CSF pressure volume-compensation included in computerised infusion test software.
Hydrocephalus is more complex than a simple disorder of the CSF circulation. [1] [2] [3] [4] [5] As shunting is a purely mechanistic treatment, the biomechanics of a patient's pressure-volume compensation should be ideally examined before a shunt is implanted. Such an examination, although invasive, may help with the decision as to whether to shunt, and with possible complications such as shunt blockage and under and overdrainage.
The role of a shunt is to correct the disturbances of CSF circulation or outflow by a reduction of the resistance to CSF outflow to about 5-10 mm Hg/ml/min-the typical hydrodynamic resistance of most shunts. If a patient has normal intracranial pressure and a normal resistance to CSF outflow (6-10 mm Hg/ml/min6 7), a shunt theoretically cannot help because the resistance cannot be reduced further without the risk of overdrainage. The fundamental role of the volume-pressure study is to measure the resistance to CSF outflow along with other compensatory variables and consider whether the disturbed cerebrospinal compensation can be improved by shunting. Therefore, the examination may help to avoid unnecessary shunting or shunt revision.811
Almost all authors7 8 111-7 agree that in hydrocephalus the drainage of CSF is disturbed, which may be expressed quantitatively by a raised resistance to CSF outflow. The limit of normal resistance is around 12 or 13 mm Hg/ml/min.7 9 11121416 However, raising of this resistance is not always correlated with a good outcome after shunting18-20-particularly in idiopathic normal pressure hydrocephalus in elderly patients. 13 Our experience suggests that not only the resistance but also other compensatory variables are helpful in the diagnosis of hydrocephalus. As the rate of shunt failure is around 20%-30% during the first year after implantation and continues at a rate of 5% per year,25 the probability of shunt malfunction over time is high. A blocked shunt does not always produce the dramatic onset of clinical symptoms,26 27 that justifies a shunt revision without performing an invasive examination. Not uncommonly the CSF circulatory reserve deteriorates gradually and a question about the shunt function may be very difficult to answer. In such cases, pressure-volume studies may help to assess the severity of malfunction by comparing the current test to the study performed before shunting.26 28 Therefore an important role of a preshunting test is to establish the baseline for comparison with postshunting investigations performed to test the shunt's fimction in vivo.
The main aim of this observational study is to present the methods of computer supported analysis of CSF pressure used for diagnosis of hydrocephalus, and show how the results of of the needle is touching neural roots or any other tissue. An infusion rate of 10 or 1.5 ml/min may produce a sudden increase in the measured pressure with a subsequently slow rise (fig 2A) . The initial rapid pressure increase represents the pressure gradient across the needle. The slow increase (> 5 min) represents the real rise of the pressure inside the CSF compartment which may be measured using short breaks during infusion (< 30 s). For analysis, the pressure recorded during the infusion should be decreased by the pressure gradient across the needle.
INFUSION INTO A SUBCUTANEOUS RESERVOIR OR SHUNT CHAMBER
In a pressure-volume study performed using two needles inserted into a reservoir or shunt chamber the analysis may be complicated by an additional pressure gradient across the ventricular catheter. The resistance of a patent intraventricular catheter is lower than 1 mm Hg/ml/min. An infusion rate of 1 0-1 5 ml/min produces almost negligible initial rapid increase of the pressure (less than 1-0-1 5 mm Hg; fig 2B) . If the initial rise is higher, the data should be analysed as in the one needle infusion study-that is, the initial rapid increase in the pressure should be subtracted from the slow asymptotic increase. Again, two or three short intermediate breaks in infusion (every five minutes) are recommended to control the real increase in the pressure within the ventricles. If the fast initial increase in the pressure is higher than 3 mm Hg, it suggests a partial obstruction of the ventricular catheter.
LONG TERM MONITORING OF CSF PRESSURE
The presence of "B waves" in the recorded CSF pressure40 41 is reported to be a good prognostic factor in shunting.'842 43 There is still no agreement about the nature of these waves, which have a character of periodic oscillations of duration from 20 seconds to one or two minutes. This kind of oscillation can be recorded in cerebral blood flow velocity in normal volunteers and seems to be correlated with an REM phase of sleep.44 Similar waves can be seen in arterial blood pressure and heart rate in patients with severe head injury with low cerebral perfusion pressure.4546 Whatever the source of these waves, they are associated with oscillations of the cerebral blood volume.
When the cerebrospinal compensatory reserve is low they produce synchronised oscillations in CSF pressure. In the classic flow chart for the investigation of hydrocephalus in adults, presented by Gjerris et Patients with predominantly brain atrophy (48 patients were diagnosed) had a normal CSF circulation, by contrast with hydrocephalic patients. Typically, the opening pressure, the resistance to CSF outflow, and the pulse amplitude were low (ICP < 12 mm Hg, RCSF < 12 mm Hg/ml/min, amplitude < 2 mm Hg). The pressure volume index was high (PVI > 20 ml), reflecting low elasticity of the atrophic brain. There were no vasogenic waves seen in the pressure recording ( fig 4A) . In this situa- Normal pressure hydrocephalus (101 patients) was characterised by a normal opening pressure (ICP < 15 mm Hg) and high PVI (> 20 ml). Again, as in brain atrophy, the CSF system was very compliant." 14 The increased resistance to CSF outflow (> 12 mm Hg/ml/min) and B waves seen during infusion, particularly prominent when ICP increases, allow normal pressure hydrocephalus to be distinguished from atrophy ( fig 4B) .
NON-COMMUNICATING HYDROCEPHALUS
Lumbar infusion is not recommended in noncommunicating hydrocephalus both because of the subsequent risk of herniation and because of the misleading results obtained. However, this type of hydrocephalus may not always be detected by initial CT. In those few patients in whom lumbar infusion was performed (12) , the resistance to CSF outflow was normal, because the lumbar infusion was not able to detect the proximal narrowing in CSF circulatory pathways. The resting pressure, pulse amplitude, and paradoxically, PVI were all high (ICP > 12 mm Hg, pulse amplitude > 4 mm Hg, PVI > 18 ml; fig 4C) .
The same type of hydrocephalus investigated using ventricular infusion (via a reservoir, seven patients), showed high resting pressure and high resistance to CSF outflow high (ICP > 15 mm Hg, RCSF > 13 mm Hg/ml/min). The PVI was low (< 13 ml) and the pulse amplitude was high (> 4 mm Hg) indicating a poor compensatory reserve. Acute communicating hydrocephalus (after subarachnoid haemorrhage), when problems with CSF circulation arise from insufficient reabsorption or circulation of CSF over the brain convexity (39 patients) gave the same pattern of variables, regardless of whether the lumbar or ventricular approach was used ( fig 4D) .
IS CLASSIFICATION ALWAYS POSSIBLE?
In 84 patients unqualified differentiation between atrophy, normal pressure hydrocephalus, and non-communicating and acute hydrocephalus was not possible. Some 56 patients fell into the border range between hydrocephalus and atrophy. In 32 patients further overnight ICP monitoring with continuous assessment of the magnitude and frequency of B waves helped in making the decision about shunting. In 24 ICP during REM sleep is usually manifested by a period of low (negative) pressure and a low amplitude of the ICP pulse wave (fig 8) . Early morning headaches should not be assumed to be due to "high pressure". They may be a consequence of low pressure caused by nocturnal overdrainage. Figure 8 An overdrainage related to the nocturnal vasomotor waves; patient with the valve equipped with a siphon control device (Delta, performance level 2). Two episodes of a strong, around 30 minutes long, B wave activity were recorded (the raised ICP, pulse amplitude AMP, and the computer detected power ofB waves). After each episode the baseline pressure fell to negative values (0) for at least one hour.
ful. Also, some indications for choosing a particular type of the shunt may be made using pressure-volume tests.
Overdrainage related to posture56 57 may lead to serious complications,58-60 particularly in patients with the combination of gross ventricular dilatation and a high pressure-volume index (> 26 ml). Therefore, siphon controlling devices should be considered in such patients. In normal conditions, without long term fluctuations of the cerebral blood volume, production of CSF and extemal infusion into CSF spaces is balanced by its storage and reabsorption:
Production of CSF + external infusion = storing of CSF + reabsorption of CSF (1) Production of CSF is almost constant. [61] [62] [63] Reabsorption is proportional to the gradient between CSF pressure (p) and pressure in sagittal sinuses (p,,).
Coefficient R is named the resistance to CSF reabsorption or outflow (units: mm Hg/ml/min). Normal value of this resistance is 6-10 mm Hg/ml/min.612 A resistance above 12-13 mm Hg/ml/min can be interpreted as raised.710111416 Storing of CSF is proportional to the cerebrospinal compliance C (units: mm Hg/ml/min). Storing = C. dp dt (3) The compliance of the cerebrospinal space is inversely proportional to the gradient of CSF pressure Po (4).3435 1 C E. (p-Po) (4) Some authors suggest that relation (4) is valid only above the certain pressure level named the "opitmal pressure"3637 64; however, this is still a point of some dispute. Coefficient E is the cerebral elasticity (units: ml-l). Elevated elasticity (> 0-18 ml-l) signifies a poor pressure-volume compensatory reserve." 1221
The reference pressure po is a parameter of uncertain I dm . *. Combination of (1) with (2) and (4) gives a final equation (5): 1 dp + P- (8) PVI is theoretically an inverse of the brain elasticity E. The pressure-volume compensatory reserve is insufficient when PVI < 13 ml. The value of PVI above 26 ml signifies an "overcompliant" brain. The formula (7) for time t = 0 describes the shape of the relationship between the effective volume increase A V and the CSF pressure, called the pressure-volume curve (see fig 9C) : P = Pb-po). eEA V+ p (9) Finally, the equation (7) Testing of cerebrospinal compensatory reserve in shunted and non-shunted patients: a guide to interpretation based on an observational study addition of CSF fluid at the baseline pressure Pb, the pulse amplitude (AMP) can be expressed as:
AMP=pP-Pb=(Pb-pO) .(e _ 1) (10) In almost all cases, when the CSF pressure is being increased by extemal volume addition the pulse amplitude is rising. The During an Alexandrian riot against the Christians, Apollonia, an elderly deaconess, was repeatedly struck in the face. Her teeth were torn out and her jaws were broken but she refused to renounce her Christian faith. A bonfire was built. Apollonia, threatened with being burnt alive, was asked once more to return to the Roman gods.
Instead, she uttered a short prayer and walked into the flames. Apollonia was canonised about 50 years after her death. She became the patron saint of toothache and the patroness of the dental profession.
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